Abstract
INTRODUCTION
The anatomical variability in congenitally corrected transposition of the great arteries (ccTGA) poses multiple technical challenges for anatomical repair. It is often associated with heterogeneous anomalies: left ventricular outflow tract obstruction (LVOTO) and positional heart anomalies [1] . Late outcomes following treatment of these complex conditions are still far from favourable.
Malhotra et al. [2] described a applicable one-and-a-half ventricular repair procedure for partial anatomical repair of ccTGA performed from 1994 to 2009 in 33 patients: the hemi-Mustard/ bidirectional Glenn (BDG). They showed that this procedure could reduce the complications associated with traditional atrial baffle procedures and decrease the volume load on the right ventricle (RV). When ccTGA was limited by positional anomalies, the hemi-Mustard procedure could facilitate the atrial portion of the anatomical repair [3, 4] . Therefore, we applied the hemiMustard, BDG and Rastelli procedures for anatomical correction of ccTGA, especially when it was associated with cardiac malposition.
Thus far, no study has analysed the long-term results of the one-and-a-half ventricular repair for ccTGA with cardiac malposition. We present a large, single-institution experience with patients with ccTGA/LOVT and positional anomalies having the †Presented at the 30th Annual Meeting of the European Association for Cardio-Thoracic Surgery, Barcelona, Spain, 1-5 October 2016. hemi-Mustard, BDG and the Rastelli procedures. This study also assesses the potential benefits of the staged repair of this condition.
PATIENTS AND METHODS
Between February 2011 and September 2015, 31 consecutive patients had the hemi-Mustard, BDG and the Rastelli procedures. The median age was 5.4 years (range: 9 months-12 years); 1 patient was younger than 1 year of age. Medical records, preoperative and postoperative records, echocardiograph data, and cardiac catheterization data and operative notes were reviewed. The study was retrospective; ethical approval was obtained in accordance with an accepted protocol from the Fuwai Hospital ethics committee.
Diagnosis of ccTGA and delineation of the cardiac anatomy were based on echocardiographic analysis in all cases. Ultrasound examination was also used to identify pleural effusion and the severity of tricuspid regurgitation (TR). The severity of TR was graded as mild, moderate or severe. In this study, SO 2 always refers to pulse oximeter oxygen saturation; postoperative pleural effusion was considered prolonged if it persisted for more than 10 days.
Patient follow-up information was obtained from the records of the most recent cardiologist's assessment and mortality data were collected from telephone interviews. The follow-up period ranged from 4 months to 5.7 years. All patients had been followed up from the time of surgical repair to the end of the study, with none being lost to follow-up (100% complete). Follow-up involved assessment of New York Heart Association (NYHA) functional status, cardiac rhythm and echocardiographic findings.
The one-and-a-half ventricular repair was indicated only when the patient had positional heart anomalies (21 had dextrocardia; the remaining 10 had mesocardia). All patients with LVOTO had either pulmonary stenosis (26 patients) or pulmonary atresia (5 patients). The surgical strategy algorithm is shown in Fig. 1 . In the one-stage group (hemi-Mustard/BDG and Rastelli procedures), all of the patients were potentially feasible although they had positional anomalies that significantly raised the complexity of the conventional anatomical procedure. Hence, the hemiMustard/BDG-Rastelli procedures were performed. In the twostage group, 11 patients had the BDG initially. Seven of these were scheduled to have single ventricular tract repair at other institutions. However, because positional heart anomalies contributed most of the complexity, they were selected for the hemi-Mustard-Rastelli procedure repair in our center. Another 4 patients with severe dysfunction of other organs had the firststage BDG prior to the one-and-a-half ventricular repair because cardiopulmonary bypass was unsafe at that time. The BDG was left in place for 1.1 (0.6-2.4) years. Seven patients had a persistent left superior vena cava. All patients were in normal sinus rhythm the day before complete repair. Table 1 lists the baseline characteristics of the patients.
Surgical technique
All of the procedures used cardiopulmonary bypass under moderate hypothermia. Previous cases of ductus arteriosus were ligated. After the aorta was clamped and cold crystalloid cardioplegia was administered, a hemi-Mustard procedure was performed: The atrial septum was completely excised; the coronary sinus was unroofed; and a bovine pericardial baffle was constructed to divert blood flow from the inferior vena cava (including the left superior vena cava if present) and a coronary sinus to the tricuspid valve. For the Rastelli procedure, a right ventriculotomy was performed through which the left ventricle (LV) to the aortic tunnel was constructed using a bovine pericardia baffle or a Dacron patch. A bovine jugular vein conduit was used to establish right ventricle-pulmonary artery (RV-PA) continuity, taking care to avoid causing compression of the extracardiac conduit.
The BDG operation was performed after removal of the aortic cross-clamp. The azygous vein was ligated in 27 patients during the BDG operation. One patient had delayed sternal closure after surgery.
Statistical analysis
Statistical analysis was performed with Prism version 5.0 software (GraphPad Software, Inc., San Diego, CA, USA). Data are described as medians with ranges or means with standard deviations. The Student unpaired t-test was used to compare group means between the one-stage repair and two-stage repair groups. The v 2 test or the Fisher's exact test was applied as appropriate using frequency and percentage with categorical variables. P-values <0.05 were considered statistically significant.
RESULTS

Early postoperative outcomes
There were no in-hospital deaths. Reoperations were required in 4 patients (12.9%). The most common complication in the early postoperative period was the development of complete heart block in 3 (9.7%) patients; no late pacemaker placement was required. The atrial baffle obstruction was observed in a 9-month-old patient; 7 patients developed prolonged pleural effusion. The mean time of ventilation support was 145.2 ± 27.1 h. The mean stay in the intensive care unit was 12.9 ± 5.7 days. The mean duration of hospital stay was 21.6 ± 8.2 days. Table 2 lists the early postoperative patient data.
Follow-up outcomes
No patient needed a conduit change after the Rastelli procedure. No patient in the series has had a baffle leak or sinus node dysfunction. Twenty patients were in NYHA class I and 5 patients were in NYHA class II. The mean oxygenation saturation level at follow-up was 90.7 ± 3.0%. There was 1 (3.2%) late death. The death occurred in a 10-kg, 9-month-old patient with ccTGA, pulmonary atresia, persistent left superior vena cava and dextrocardia and whose McGoon ratio was 1.7. The patient had an early reoperation after the one-stage procedure due to obstruction of the inferior vena cava caused by the bovine pericardial baffle. He exhibited recurrent pleural effusion and ultimately died at the age of 2 years. The mean follow-up time for all patients was 3.3 ± 2.1 years. Table 3 lists the follow-up patient data.
Outcomes between one-stage and two-stage repair Overall, there were 20 patients in the one-stage group, and 11 patients underwent BDG initially before anatomical repair (the two-stage group). Of note, the SaO 2 level before anatomical repair in the one-stage group was 77.5 ± 12.6% compared with 90.1 ± 7.3% in the two-stage group (P = 0.035). During the perioperative period, pleural effusion occurred in 7 patients in the one-stage group and in no patients in the two-stage group (P = 0.033). There were 1 and 0 late deaths in the two groups, respectively. Follow-up examinations of the two-stage group showed fewer patients of New York Heart Association class III/IV than in the one-stage group, but the difference did not reach statistical significance. Table 4 lists the two-group patient data.
DISCUSSION
This study not only is a large cohort of patients with ccTGA/ LOVTO with positional heart anomalies undergoing a one-and-ahalf ventricular repair, but it also demonstrates the potential benefits of a staged repair. The surgical strategy must be tailored to the anatomical variability observed in patients with ccTGA, such as ventricular septal defect, subpulmonary ventricular outflow tract obstruction or pulmonary atresia and cardiac malposition [5] [6] [7] . Late outcomes for different complex strategies are still poorly understood. We highlight the fact that the use of the hemi-Mustard/BDG and Rastelli procedures for ccTGA/ LVOTO and cardiac malposition is technically feasible with favourable outcomes.
The multiple benefits of this procedure were demonstrated recently by various centres [8, 9] . The BDG is particularly useful for treating hypoplasia of the RV because it unloads the RV; it was also beneficial for patients with malfunction of the LV because it reduced the flow of the LV to the PA [10] [11] [12] . This study also demonstrates less risk of obstruction to the pulmonary veins, less risk of arrhythmias and reduced sinus node dysfunction or baffle obstruction. More importantly, when complex positional anomalies existed, the technical simplicity of the hemi-Mustard procedure was applied, reducing cross-clamp and bypass times.
In our institution, anatomical biventricular repair of ccTGA remains the preferred approach in patients with a normal cardiac position. The one-and-a-half ventricular repair was indicated only when the patient presented with dextro-or mesocardia. Long-term obstruction of the systemic venous pathway created by the Senning and Mustard procedures has been reported in 5 to 7% [13, 14] of cases. Sojak et al. [8] published favourable results after using the hemi-Mustard/bidirectional cavopulmonary anastomosis procedure as part of the anatomical repair of ccTGA during a 4.5-year period; no sinus node dysfunction or systemic venous obstruction was seen. In our study, though atrial baffle-related complications were transient and rare, one obstruction of the inferior vena cava (IVC) was observed on an ultrasound scan from a 9-month-old patient 5 days after the operation. During reoperation, we found that the obstruction was due mainly to atrial baffle thrombus formation. We removed the thrombosis and widened the IVC-tricuspid valve bovine pericardium baffle. The patient was in the hospital for 153 days. However, he exhibited recurrent pleural effusion with low cardiac output postoperatively that led to progressive multisystem organ failure and death at age 2. In our study, we mainly used bovine pericardium as the atrial baffle. It is noteworthy that the IVCtricuspid patch could be compressed, especially during the period of atrial contraction. In our most recent cases, we use a tougher polytetrafluoroethylene patch instead.
Malhotra et al. suggested that infants younger than 4 months were not eligible for this type of repair [2] . Almost all of our patients were older than 1 year except for the one who was 9 months old, and not one of them had elevated pulmonary vascular resistance. The 9-month-old patient had pulmonary atresia with a McGoon ratio of 1.7; however, catheterization suggested that the diameter was 9.5 mm in the right pulmonary artery compared to 6.4 mm in the left. Therefore, we feel strongly that, for infants with unbalanced development of the pulmonary artery, the hemi-Mustard/BDG procedure may be inappropriate.
Some authors have reported that freedom from right ventricle-pulmonary artery (RV-PA) conduit intervention at 10 years was 100% in those undergoing the Rastelli procedure [2, 15] . Volume unloading of the RV may be one important reason for better conduit performance in our patient cohort. Follow-up of these patients showed two severe cases of TR, but the difference in the postoperative grade of TR compared with the preoperative grade did not reach statistical significance. Although the observation that the BDG operation might provide additional durability of tricuspid valve function over the longer term is clearly important, the results strongly suggest that we should take a more aggressive approach in treating moderate TR.
Complete heart block developed in 3 patients in the perioperative period, and no late cases occurred in the follow-up period. Some previous studies suggested that heart block was not due to a technical factor related to the hemi-Mustard procedure [16] [17] [18] . NYHA functional class I/II was observed in more than 83% of our patients.
Taking into account all 31 patients with hemi-Mustard/BDG and Rastelli repairs, 11 (35.5%) patients had a staged repair. The BDG procedures were performed initially as the first-stage palliation in these patients. Use of the BDG operation significantly decreased the volume load on the hypoplasia of the RV and reduced strain on a dysplastic or Ebsteinoid tricuspid valve. Catheter-related data showed that the pressures following the Glenn procedure in all the first-stage patients were under 13 mmHg. It is interesting to note that all cases of pleural effusion occurred in the one-stage group. The fact that no perioperative pleural effusion occurred in the two-stage repair group may primarily be caused by the following reasons: (i) the patients adapted to the haemodynamics of the Glenn procedure well before the anatomical repair was performed and (ii) the patients had a better level of SaO 2 with lower pulmonary resistance. The two-stage repair group also had fewer NYHA class III/IV patients, but the difference compared with the one-stage group did not reach statistical significance.
The short follow-up time and the retrospective analysis may be limitations of our study. In future studies, we will use multiple imaging technologies to evaluate ventricular size, geometrical characteristics and functional changes after repair. In conclusion, we have demonstrated that the combined hemi-Mustard/BDG-Rastelli procedures for ccTGA/LVOTO and cardiac malposition are technically feasible with favourable outcomes. A two-stage repair process may provide a lower incidence of pleural effusion. However, long-term follow-up studies are needed to verify the benefits of this strategy. 
